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ABSTRACT 
Recent concerns over declining landfill space and a renewed interest in 
waste-to-energy technologies have increased the possibilities of co-firing 
different types of fuels in fluidized bed combustion systems. Fluidized bed 
combustion systems are ideal for co-firing because of their ease in heat 
conversion and ability to burn a wide range of fuels. Additionally, thermal 
analytical techniques can be used to screen fuel blends fer the fluidized bed 
combustion systems at a lower cost than directly firing the fuel blends in pilot 
systems. Three coals, three different municipal solid wastes (MSW), and one 
limestone were combined into nine series of binary fuel mixtures to 
determine the possible Observed/Theoretical ratios caused by the MSW 
and/ or the limestone to the coal's combustion profile. After doing so, 
optimum percentage combinations were determined that should combust 
efficiently in fluidized bed systems. Consequently, after the combinations 
were optimized, evolved gas analysis showed a possible 50% reduction in SOz 
emission through absorption by limestone. 
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I. INTRODUCTION 
In the United States today, more than 180 million tons of municipal 
solid waste (MSW) are generated each year. Consequently, the amount 
generated has to be dealt with in an economical and energy-efficient way. 
New technology must be developed to deal with the increasing amount of 
MSW in a logical and efficient manner that makes the most of the decreasing 
space in sanitary landfills. 
Only a fraction of municipal solid waste is presently converted into a 
useful material. For instance, in 1985, five percent of the MSW was processed 
by technologies such as separation and recycling, composting, and waste-to-
energy systems. This percentage is expected to increase by the year 2000 to 
better than 30% (1). In addition, the waste-to-energy portion of these 
technologies should see the greatest increase. 
For MSW, the two principal waste-to-energy technologies being 
evaluated are unprocessed mass burning and preparation and co-firing of 
refuse-derived fuels (RDF) (1). Fluidized bed combustion systems are ideal for 
this type of waste-to-energy problem. Their ability to burn low-grade and 
variable fuels as well as absor!:- sulfur oxides by sorbents makes them ideal. 
Several fluidized bed combustion units have been built in the United States 
as well as in Europe, but none of them is exploring the use of adding coal to 
MSW or RDF (1, 2). However, several types of fuel pellets have been 
thoroughly studied using coal fines and limestone as the two chief 
components. 
1 
Coal and RDF have different burning profiles, yet if the two were 
mixed, there is a rugh probability that a suitable mixture could be derived to 
substitute as a boiler fuel . The pelletized or unpeUetized fuel containing 
mi:.. tures of coal fines, RDF or MSW, and some kind of sulfur sorbent 
(limestone) can be burned in the fluidized bed combustion unit. The reason 
for using coal fines in this study was to find a use for the millions of tons of 
coal fines that are simply set aside after mining. Coal fines are valuable 
energy sources that could develop into a valuable industry since they may be 
cheaper to reclaim than mine new deposits. 
A. Considerations for Fluidized Bed Combustors 
For coal combustion in the modern age, sulfur emissions are a primary 
concern. The unique advantage of fluidized-bed combustors is the ability to 
significantly reduce sulfur dioxide emissions with the addition of a sorbent 
(3). Physical operations such as gas flow rate, gas fluidization velocity, 
handling of emissions, heat transfer rates, cooling apparatus, must be 
considered as well as the chemical operations such as fuel and sorbent chOice, 
reaction and kinetic rates, sorbent particle size, and porosity as examples. 
In terms of physical conSiderations, the recommendation of several 
other researchers suggest that each fluidized-bed combustor (FBC) be 
specifically designed for its location (1,4-7). Ulerich and coworkers .tate that 
three site requirements must be considered for each FBC: (1) environmental 
constraints on the plant for operation; (2) sorbent availability; and (3) fuel 
availability (4). Secondly, S02 sorbents must be considered for their cost and 
availability. Specifically, an industry must make four considerations: (1) the 
quantity of fresh sorbent that will be needed; (2) any possible regeneration cost 
2 
(particularly the energy needed); (3) the sulfur recovery cost; and (4) the 
disposal cost of the waste sorbent. Thirdly, the overall power requirement of 
the plant will dictate the coal-feed rate into the FBC (6). Thus, the cost of the 
amount of coal needed to operate the FBC is a major concern. 
In order to produce heat, the coal must be fired at a designated 
temperature so that heat transfer is at its maximum; emissions can be reduced 
or eaSily cleaned; and the maximum burning efficiency can be reached. 
Regarding the advice of researchers, the temperature range chosen for 
maximum burning efficiency and desulfurization in FBC systems is between 
BOO and 900°C OSSO + /- SOOF) (8-10). At this range, as Hartman and Coughlin 
state, sulfation and calcination occur simultaneously (8). Thus, the 
relationship of the chemical considerations can be seen. 
The largest chemical consideration in a coal-firing FBC is the reaction 
of ~ and a sorbent. Zheng states that the kinetics of desulfurization with 
calcined limestone can be related to particles undergoing first order 
deactivation (6). Since desulfurization is undergoing deactivation, the 
calcium of the limestone must be going through activation. Calcium 
becomes equally reactive as sulfur, and the mole ratio of calcium to Sl!lfur 
must be considered. Sulfur will not only react with calcium but also reacts to 
form H2S04. This conversion can translate into high corrosion if the 
temperatures within the combustor housing and flue stream drop below the 
dew pOint of H2SO4 (1). 
Recommendations of other researchers will be taken into 
consideration to accomplish the purpose of this project. Minimal research 
has been done in the area of co-firing coal and municipal solid waste (MSW) 
or refuse-derived fuel (RDF). 
3 
B. Auidized Bed Characteristics 
As b el particles enter a fluidized bed, they undergo a sharp increase in 
temperature and release most of their volatiles in a short time compared to 
the time in the combustor (2). As a general model for coal combustion, 
Rajan and coworkers offer the fOllOWing reaction for the devolatilization of 
the fuel feed : 
CIlHIlOyNI),St'Ash (char) 
CIlHIlOof'lI5StAsh Instantaneous:> + 
CIl"HIl"OyoNll"St" 
(volatile products) 
where: the subscripts refer to the stoichometric coefficients. 
(A-1) 
The char becomes the major concern, since it is very porous 03, 14); 
therefore, the coal sulfur used for desulfurization is assumed to be uniformly 
released in the emulsion phase of the FBC as SG.! that is to be absorbed by the 
sorbent stones (3). The relative amount of sulfur dioxide removed from the 
gas stream is still considerably lower than present in the reactor (3, 15). Rajan 
and coworkers point out that limestone spends a longer time in the reactor as 
compared to coal. The limestone is assumed to be well mixed, and the coal is 
assumed to be mixed well enOl~:;h to provid~ a constant heating source (3). 
Thus, the rate of reaction (R) for a completely mixed system can be explained 
mathematically in the following equation (6). 
R = kSCAS 
where: 
(A-2) 
ks = surface reaction rate constant 
CA = concentration of S02 in exit gases 
4 
5 
5 = available CaO surface area 
By knowing the concentration of S02 exit gases, the available CaO surface area 
(from mercury intrusion tests) and the surface reaction rate constant (from 
tables), the rate of reaction for a given system can be calculated. 
On the opposite side, attrition becomes a major concern, since it is a 
physical constraint on the system. Attrition is the erosion of particulant 
matter due to physical rubbing and a wearing down of the particle size. This 
can be accounted for in its Source. The continuous abrasion of bed particles 
resulting in the shrinking of particle size. These can be further broken down 
into the subclasses listed below (4, 16): 
1) thermal stresses; 
2) chemical reaction and phase change stresses; 
3) mechanical forces (possibly from the feed source); 
4) hydrodynamic forces (gas jets, bubbles, splashing). 
The sources of attrition are: 
1) sorbent and coal types; 
2) bed operating conditions (temperature, velocity, particle feed, bed depth); 
3) system design (type of solid feeder) . 
As attrition proceeds it will decrease in time (17). If the temperature of the 
system were raised, then the attrition rate would increase. If the temperature 
and the amount of time the particulant matter remains in the bed increases, 
then the chemical products of com busting the fuel and desulfurization would 
dramatically change (10). 
If only the attrition parameter is taken into cons;deration, the fuel and 
sorbent choices can be made. As stated previously, coal fines, MSW (or some 
biomass), and limestone will be co-fired for their combustibility. The choice 
of limestone is unique in that its attrition rate during calcination only 
experience a five to seven percent reduction (14). Fine coal particles have a 
tendency to float into the freeboard and may not have sufficient amount of 
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time to combust significantly. However, by adding MSW, the amount of coal 
fines lost to the freeboard will be significantly reduced to MSW's ability to 
agglomerate with the coal fines (16). Thus, the fuel and sorbent choices must 
be fully examined for their usefulness. 
C. Calcination and Desulfurization 
1. Rate of Sulfation 
The rate of sulfation is the rate determining step for complete 
desulfuriza tion. If the sulfation step is limited, the conversion efficiency is 
drastically reduced. This concept is a balance between the rate of sulfation, 
and the amount of surface area calcium oxide has available. Initially, faster 
sulfation rates result in lower sulfur dioxide emiSSions, but as time 
progresses, the sulfation drops off rapidly with the increasing conversion of 
CaO to CaS04 (12, 15, 17). Even more so, if the temperature is altered from the 
optimum level (SSOOC), the sulfation rate is reduced as well (8). 
In consideration of an FBC, the calcination and sulfation reactions will 
Occur simultaneously. However, the sulfation products retard the 
calcination products thereby lowering the overall yield (1S). However, 
sulfation would not take place if the amount of S02 released were not 
proportional to the char combustion rate (13). If the fuel choices were again 
considered, the coal would induce more reactivity in the sulfation reaction 
due to its iron content. For instance, if four percent Fe203 is present, the 
sulfation rate would almost double. Yet, the overall rate slightly increases 
with the total surface area of F0203--not at all proportional (19). On a small 
scale, Fe203 doubles the conversion, but its surface area hinders the 
sulfation's completeness and dampens any improvement in the total 
efficiency of the system. 
If additional catalysts enhance the sulfation reaction's conversion 
efficiency, the .. mount of CaO needed for conversion would be drastically 
reduced. Other catalysts such as coal ash, H20, Na, FeO, Fe304, and Fe~ 
either enhance the reaction forward or initially retard it or assist in its 
completeness in the end. For example, the iron compounds easily convert to 
Fe203 below 900°C; therefore, they work in the same fashion as mentioned 
previously (9). Water vapor is unique in such a way that it decreases the 
oxidation rate of CaS03, but as the temperature increases, it increases the 
oxidation rate of CaS03 to CaS04 (20). In fact, if water vapor pushed the 
equilibrium far enough, the conversion to CaS04 would be about 96% (21). 
But, water vapor can combine very rapidly with S03 to form H2S04; thus, it 
reduces the catalytic effect of F~03, and in turn, it enhances possible 
corrosion. With sulfuric acid, coal ash and sodium can corrode the system, 
but coal ash and sodium aid in enhancing the rate of conversion (22). 
Therefore, as Hartman and cowork~rs set forth, sulfation is dependent 
upon several factors as listed below (15). 
1) the rate of sulfation, 
2) the degree of solid gas mixing, 
3) the molar ratio of a sorbent and sulfur diOxide in the feed, 
4) the mean residence time of either phase, 
5) the porosity of the bed, and 
6) the densities of both phases. 
2. Sulfur Retention 
Sulfur retention does not necessarily mean it is for the specific sorbent 
particle, but it is for the entire FBC. However, sulfur retention of an FBC is 
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reflected by the sorbent's ability to hold on to the sulfate ion. Typically, the 
capture of sulfate ion results in the formation of an impervious shell on the 
outside of the CaO particle. Even though the shell is impervious, some of its 
segments can be removed by attrition; thus, the action of attrition exposes 
new surface area on the CaO particle for further sulfation (23). But for the 
FBC, sulfur retention is heavily dependent upon the FBC's operating 
conditions. Such things as the Ca/S ratio, bed temperature, bed depth, 
superficial gas velocity (velocity of gas to bubble the bed), feed method, coal 
ash content, and limestone particle size, all affect the S02 absorption 
efficiency. However, the two most effective operating conditions are the Ca/S 
mole ratio and bed temperature 03, 24). The Ca/S ratio as outlined before 
determines how much sulfur retention is possible. The bed temperature 
determines what will be the extent of calcination before sulfation. 
Sulfur retention must be expressed with a set of equations. There are 
three different equations to express the efficiency (6, 13). It must be noted that 
Equation C-2 is the easiest to use, but it is not the most accurate. The three 
equations for sulfur retention (TJ) are as follows: 
(C-1) 
where: 
K = function of limestone type and operating conditions J3 = Ca/S ratio; 
sulfur in the flue gas TJ = 1 - ---:-~ __ :-""7".,..,.-",:--, 
total sulfur fed into bed; and 
area of sulfur in mixture TJ=l-~~--~~~~~ __ ~~~ __ _ 
total area of sulfur in theoretical mixture 
(C-2) 
(C-3) 
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Thus, if Equation C-2 is used as a general relationship for an FBC's efficiency, 
the value should reflect a reasonable sulfur retention percentage for a given 
system under a given set of parameters. Equation C-3 is a variation on 
Equation C-2 that shows the evolved 502 gas profile for the various mixtures 
will be held against the theoretical area values. 
3. Ca/S Ratio 
Theoretically, the mole ratio of calcium reacting with sulfur is one to 
one. However, sulfur capture by limestone is not completely perfect. Thus, 
the ratio of calcium to sulfur must be adjusted to higher levels in order to 
achieve any respectable emission control (17, 24). Still, as noted in the sorbent 
choice, the optimum temperature for calcination is approximately 8500C. 
Thus, if the FBC bed temperature is lowered or raised, then the optimum 
desulfurization would be altered to a lower efficiency no matter what the 
mole ratio. 
4. Calcination and Sulfurization Reactions 
To grasp the theoretical equivalence of calcium to sulfur, the chemical 
equations involved in preparing the calcium for sulfur retention should be 
stated for their usefulness. Sulfur is released from the coal in the form of 
sulfur dioxide (502). In order to account for the amount of ~ in the bed, a 
mass balance must be determined as in Equation C-4: 
[ rate at which 5021 = [rate at which 502J + [ rate of reaction] 
is generated J leaves bed of ~ . (C-4) 
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From this, a steady-state mass balance of ~ with a continuous feeding of the 
fuel source can be created as in Equation C-S: 
[502 gen"rated) = bed from + bed from + [502 reacted) ~ SO:2 leaving J [502 leaVing] emulsion phase bubble phase . (C-S) 
In terms of FBC design, if the amount of 50:2 generated and possible 502 that 
can be reacted is known, the amount of 502 leaving the bubbling phase and 
emulsion phase can be evaluated assuming that each phase emits the same 
amount of sulfur dioxide (6). From these mass balances, the way limestone 
and dolomite are converted to calcium sulfate is reaIIy understood. 
InitiaIIy, there are three major steps in the capturing of sulfur by 
calcium. Each one is unique, and each will be evaluated for its placement in 
the general scheme of desulfurization. 
CaCDJ (s) -> CaO(s) + C0:2 (g) 
CaO (s) + ~ (g) -> Ca5O) (g) 
CaO (s) + 502 (g) + 1/202 -> Ca504 (s) 
(C-6) 
(C-7) 
(C-8) 
The initial reaction (C-6) is the calcination step. By converting calcium 
carbonate to calcium oxide, the product becomes more porous and more 
willing to accept sulfur dioxide to react on its surface. This reaction is very 
quick and is not the rate determining step (t7, 20). The intermediate reaction 
(C-7) is the conversion of calcium oxide to the intermediate form of calcium 
sulfite. This reaction occurs at temperatures as low as 330°C (20). Below 
640°C, calcium sulfite dominates over the formation of calcium sulfate. At 
720°C, some of the calcium sulfite decomposes; as the temperature rises, 
calcium sulfite oxidizes to form calcium sulfate (C-8) (6, 17, 18, 20, 25). This 
step is slow, and it is the rate determining step (3). As the temperature 
continues to rise above llOO·C, calcium sulfate decomposes in contact with 
carbon monoxide to form calcium oxide, carbon dioxide and S<h (26). The 
latter chemical reaction is listed in Equation C-9: 
Ca504 + CO -> CaO + C02 + S<h (C-9) 
Other side reactions that are possible are listed below: 
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CaS + 2502 --> Ca504 + ~ 
CaSD) + 1/2 S<h - > Ca504 + 1/4 S2 
CaO + H2S - > CaS + H20 
CaC03 + H2S --> CaS + H20 + C02 
(C-10) 
(C-ll) 
(C-12) 
(C-13) 
Equations C-lO through C-13 are all possible when the optimal temperatures 
are reached. All the equations Occur in the optimum temperature range 
(850·C), and they become competing reactions for the same goal-
desulfurization (12, 21, 27). However, each side reaction produces a product 
that can materialize and leave the combustor in the form of fly ash. 
5. Calcination 
As shown in Equation C-2, calcium carbonate is reduced to calcium 
oxide which is the basis for calcination. Without calcination, desulfurization 
cannot occur. Calcination is such an important step that if its importance to 
FBC design is not understood, and the entire project would suffer. 
As mentioned in the above section, a stone that undergoes calcination 
is defined as a calcined stone, which means that the stone has been heated to a 
sufficient temperature to drive off CD2 without fusing to the other particles 
(24). If this is considered fully, it is clear that as CaCD) loses CD2 to become 
12 
CaO, and if the particle dimensions are assumed to be the same, CaO's 
volume would be increased, For instance, the approximate particle density of 
CaC03 is 2,71 g/ em3, and the approximate particle density of CaO is 3,32 
g/ cm
3
. Therefore, a specific volume of 0.660 em3/ g with a corresponding core 
volume of 0.36 em3/ g is observed, thus the total particle becomes more than 
half free-pore space (24). 
This pore space would not be accounted for if the rate at which calcination 
occurs were not considered. For example, if calcination took place at a lower 
temperature, the surface area and reactivity would be higher. By raising the 
temperature, the surface area would be reduced; consequently, the reactivity 
would be reduced (8). Also, the rate of calcination produces CaO in grains of 
two different classifications: coarse and fine . These crystalline structures 
determine the extent of the sulfur conversion. For instance, with coarse-
grained and perfect crystalline structures, fine pore structures develop, and 
they decrease the reaction rate. However, with fine-grained and irregular 
crystalline structures, large pores develop, and the reaction rate increases (6, 
28). The rate of calcination is determined by the following: 
1) reaction temperature; 
2) particle size of stone; 
3) crystallite size of the carbonate mineral; 
4) relative amounts of Mg and Ca in the stone; 
5) partial pressures of C~ and S02 in furnace atmosphere. 
The relative amounts of Mg and Ca in the limestone are determined from 
analysis of the limestone. However, the partial pressures of C02 and ~ in 
the furnace atmosphere are created from the fuel combustion. Depending on 
the amount of sulfur in the coal and the rate at which the fuel burns, the 
effect upon the partial pressures is seen stoichometrically (3, 18, 29). The 
influence of S02 drives the sulfation reaction forward, but the C02 drives the 
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reaction in the opposite reaction . Thus, a balance must be found at which the 
rate of calcination is faster than the reverse reaction. 
D. Emissions 
As the flue stream leaves the combustor housing, the gaseous and fly 
ash emissions must be evaluated. For general purposes, FBC's generate very 
little bottom ash in the combustor housing since the high temperatures, 
combustion rates and small particle sizes tend to change the major flow of 
particle ash to fly ash (30). Gaseous products comprise the other emissions. 
They can either be NOx, SOx, or hydrocarbons that escape before reacting to 
form solid fly ash. Most of the SOx emissions are converted to CaS04 
(gypsum), but the rest depend upon the amount of nitrogen and hydrocarbon 
content in the coal. For instance, the nominal 502 concentration in the flue 
stream is roughly four parts per billion at 827°C 03, 22). The value is 
extremely low; if the desulfurization process is perfect, it is still less than one 
percent of the EPA's emis<ion maximum value (22). FBC systems also have 
lower NOx emissions when compared with other types of reactors (3). But 
when RDF is co-fired with coal, the gaseous emissions of CO and 
hydrocarbons notably increase 0). Yet when a baghouse or a cyclone is added 
for emission clean up, many of the dioxins, furans, and heavy metal ashes, 
can be removed from the flue stream without reducing the combustion rates 
of the coal 0). Thus, even though the emissions from an FBC are already low 
and with effective cleaning the emission stream can be maintained well 
below EPA standards. 
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E. Fuel and Sorbent Choice 
In order to create a viable model for industry, this project must 
evaluate the usefulness of its fuel choice, and, subsequently, its sorbent 
choice. Each choice must be tailored for the individual project by its 
availability and economic value. Thus, this project requires an explanation of 
reasons for co-firing coal fines, MSW Or RDF, and limestone. 
I. Fuel Choice 
Coal is a simple choice for fuel. It is readily available, and it possesses a 
large thermal heating value (31). By adding municipal solid waste, it takes 
care of a large problem in the modern age: landfill space. Since MSW is 
largely composed of paper resources, a large amount of landfill space is 
needed. MSW is easily combustible; therefore, the amount of landfill space 
needed is greatly reduced. However, MSW by itself is not a suitable fuel for 
combustion. Its thermal heating value is relatively low, and it combusts too 
qUickly. Consequently, source availability would become a problem if it is not 
stockpiled for future use. A good use of MSW is the co-firing with coal in 
FBC systems. In one system, RDF contributed a 30% heat input without 
significantly decreasing the overall combustion efficiency of the FBC (1). Still, 
if the coal particle size is reduced to fines, fluidization in the bed should 
optimize, and the reduced particle mean size increases the size distribution 
within the bed (32). 
The combustion of MSW provides additional gases that can aid in 
limestone's absorption of S02· Gases such as CH30H, CH4, CO, CCh COS, 
Formic Acid, ~, and H20 aid in general S02 reduction. Specifically, the CO, 
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C~, CH30H, and H20 aid either in the sulfation processes or in the 
calcination processes as noted earlier. Methyl alcohol and formic acid are the 
byproducts of cellulose breakdown and lead to C02 and H20, which can 
further aid in ~2 reduction (33). Figure 1 illustrates the proposed 
combustion process of MSW as presented by Tillman, Rossi, and Vick (33). 
Heat Solid Particle 
Fragments and 
Air Small Compounds 
(oCH2. oC2HS. etc.) 
CO:!. H20. 02. N2. 
NDx. SO:!. HCI 
Figure 1. MSW Reaction Diagram 
2. Sorbent Choice 
The sorbent choice for this project is limestone (CaCOJ) because of its 
ability to serve as a sulfur sorbent. However, a major drawback in the process 
is that limestone reacts only partially with the sulfur dioxide (8, 9, 17). In 
order for this reaction to occur, the optimum temperature for desulfurization 
is 843' C (8, 9, 17). In order for the sorb nt choice to be fully evaluated, the 
parameters for its choice must be identified. 
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Sorbent choice is bound to the physical and chemical requirements of 
the material. As suggested for any FBC design, sorbent performance criteria 
must be developed and tailored for any sorbent selection (4). Subsequently, 
for this project, carbonates such as limestone and dolomite were evaluated for 
their properties. 
A list of the suggested physical and chemical requirements for any 
sarbent is as follows (16): 
1) thermodynamically acceptable sulfur removal potential; 
2) kinetically acceptable suJfation rates; 
3) acceptable regenerating thermodynamics and kinetics; 
4) limited phase changes and secondary reactions with limited heat 
effects; 
5) acceptable attrition resistance; 
6) non toxic, environmentally acceptable waste. 
Characteristics for carbonate rocks are listed as suggested (16): 
1) high availability; 
2) low cost; 
3) variable quality; 
4) potentially regenerative; 
5) significant once--through testing and development. 
The sorbents must be ranked, which may be in the following manner (24): 
1) physical and chemical property tests; 
2) mechanistic simulation tests; 
3) small-scale FBC tests. 
With this ranking sequence and the possibile of sorbent selections, limestone 
fits several of the parameters noted above. Limestone is readily available for 
use and has been thoroughly tested for its compatibility in desuJfurizing coal 
combustion gases. 
Different limestones have different reactivities (17), but if the 
limestone particles are very small, it is impractical to compute the reaction 
rate for each particle (3). Much like limestone, dolOmites pose a differing 
view of their use in FBC sorbent selection. Dolomites differ chemically 
[CaC03 + MgC03]. For instance, when dolomite is calcined, its MgO is more 
reactive than limestone's CaO, but its sorbent capacity is only 54% that of 
limestones (17). 
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Limestones (CaC03) have several general absorption characteristics for 
sulfur dioxide. For instance, the activation energy of limestone to absorb 
sulfur dioxide is -73.2 kJ/mol if the surface area and the diffusion rates of the 
sulfur dioxide from coal are considered (12). The rate of SD2 adsorption is 
dependent upon the particle size of the calcine. Of the various types of 
limestone, marble and spars react slowly, but marl and dolomites are the 
most reactive (28). Also, when sulfurization occurs, the sulfate is distributed 
throughout the internal surface of the particle. During initial exposure 
sulfation occurs almost entirely on the outside surface, but as the particle 
resides in the combustor, sulfation spreads throughout the particle. A 
turning point is reached when approximately 55% of the particle is sulfated; 
by this time, a dense reactant product forms a shell on the outside of the 
calcined particle (8). However, limestone has several good qualities as a 
sulfur sorbent. 
3. Porosity 
In general, the porosity of the sorbent is an important consideration for 
sulfation capacity. The porosity of reacting particles and the sulfation reaction 
rate decrease rapidly with conversion. Thus, a sorbent choice is dependent 
upon the capacity of the sorbent for sulfation. 
Porosity in an FBC system has a two-fold meaning. First, it could refer 
to the porosity of the fluidized bed or the porosity of the sorbent particle. 
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Porosity for the fluidized bed is a small concern when dealing with sorbents, 
but it is important when considering overall particle size. 
Sorbent porosity is a major concern when choosing the best sorbent for 
a particular FBC. As mentioned in the section on calcination, sorbent 
porosity increases during calcination, and subsequenUy decreases during 
sulfation. For a sorbent to be classified as the best for a particular purpose, the 
size of the pores generated must be evaluated for their respected rates of 
reaction and rates of solid diffusion. For example, when using limestone as 
the sorbent, the calcination process can create different pore diameter sizes in 
each particle depending on the extent and completion of the process. Large 
pore diameters dictate a slow reaction rate, but their capacity for the sulfate 
ion is extremely high. Conversely, small pore diameters (less than 0.1 ).I) have 
a high reaction rate initially, but their capacity is reduced, because the rate 
limiting mechanism changes from a chemical reaction to a solid diffusion 
rate (9,28). 
The pore volume increases with temperature to a point at which 
sintering causes the pore diameter to decrease (18, 34). The sintering effects 
are said to remove the pore interconnections, thus decreasing the amount of 
pore volume. By doing so, the potential capacity of sulfation is effected. 
To create a profile of a limestone, its minimum pore diameter (MPD) 
must be established. If the MPD is evaluated, then the extent of pore clogging 
by the sulfate ions is perceived. Equation E-l is an expression for estimating 
the MPD (17). 
MPD = 174 
_ __ ( %MgC°3 ) 
54OOl..%CaC03 + %MgC03 + 1000 (E-l) 
From the MPD, the problem of pore blocking is perceived since pore 
blocking Occurs in desulfurization. Zheng and coworkers point out that the 
kinetics involved in desulfurization is complicated by pore blocking (6). As 
the pore mouths become clogged, the interior of the particle becomes 
inaccessible to the gaseous reactants (sulfur dioxide), and the reaction could 
stop. Thus, the pore plugging phenomena is inversely proportional to the 
ambient concentration of 502 (3). This can be explained by S~'s rate of 
reaction decreasing exponentially with time. Also, calcium sulfate has a 
molar volume about three times larger than calcium oxide. Thus, as the 
reactant product increases, the extent at which the sulfation occurs will be 
diminished (3, 8, 28). 
4. Particle Characterization 
As equally important as the porosity, the fuel and sorbent particle sizes 
must be evaluated for their roles in the FBe. Fuel particle size determines 
whether the bed can be fluidized evenly. Also important, sorbent particle size 
determines the amount of surface area a particle has for sulfaticn. 
In general, particle size for fuel and sorbent selection is vital. For fuel 
particles, the smaller the particle size, the better it will burn in the FBe. On 
the other hand, sorbent particle size dictates the ultimate capacity for sulfation 
(12, 17, 28, 35). Thus, if the particle size is decreased, the extent of sulfation is 
increased. But if the particle size is lowered to below -16 mesh, the capability 
of sulfation is drastically reduced (26). Consequently, an optimum particle 
size can be obtained for a given system. Therefore, a sorbent's particle size is 
dependent upon the sulfur retention values needed for a specific application. 
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F. Observed /Theoretical (O/T) Ratio 
In order to characterize the combustion profiles of the combination 
fuels, thp TG profile must be considered. Specifically, as different fuel 
components are added to one another, they mayor may not affect each other. 
This effect may be deduced to be a set of competing reactions that come from 
one component and work against another. In terms of a TG curve, the OfT 
ratio would be expressed as a shift in the TG curve to a higher or lower 
decomposition temperature (36). 
For this study, the competing reactions could be defined as a shift in the 
observed weight loss versus the theoretical weight loss for a given analysis 
region. Ideally, a perfect TG combustion profile would follow the theoretical 
combustion profile across the entire temperature range. Thus, the ratio of the 
observed weight loss to the theoretical weight loss for the entire temperature 
range would be 1.0. This ratio could then be expressed as the OfT Ratio for 
observed weight loss/ theoretical weight loss. Figure 2 illustrates how the 
relative shift in the theoretical combustion profile would OCcur if the OfT 
ratio was greater or less than 1.0. 
1 
% WI. 
Loss 
Temperature (OC) > 
Figure 2. Shift in TG Curve with Increasing or Decreasing OfT Ratio 
In addition, for an understanding of the OI T ratio, Figure 3 illustrates 
the theoretical shift in the TG curve as the percen tage coal decreases and the 
percentage MSW increases. 
i 
% WI. 
Loss 
50% coal mixture 
~ 90% coal mixture 
70% coal mixture 
Temperature ("C) :> 
Figure 3. Shift in TG Curve for Combination Fuels 
Notably, the shifts illustrated in Figure 3 Occur if the theoretical combustion 
profile is observed. Further shifts ill the curves for Figure 3 depend Upon the 
combination fuels themselves. Specifically, one coal choice may not react well 
with any of the MSW choices or the limestone. However, it may react well 
and not change the combustion profile from the theoretical combustion 
profile for that specific combination fuel. All three components in the 
combination fuel may affect each other differently, and it is this combustion 
reaction that affects the entire combustion profile. 
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II. EY.PERIMENT AL 
This study includes two main experimental goals: (1) to simulate a 
fluidized bed combustor and (2) to study the gases evolving from the 
combination fuel samples during combustion. The samples used in both 
parts of the study were chosen to have two significant traits. First, of the three 
coals chosen, two have high sulfur contents; and second, of the three MSW, 
two are similar in biomass content. Specifically, three coals, three MSW, and 
one limestone were chosen to show the effects of biomass and limestone on 
coal and the amount of SO:! reduction by the limestone in the samples. Table 
1 lists the analytical parameters for the materials used. 
Blends of the sample materials were combined in series so that the 
amount of coal was between 50% and 90% in 10% increments, limestone was 
varied from zero and 10% in two percent increments, and the amount of 
MSW made up the rest of the blend. The total number of cumbinations of 
Coal-to-MSW was nine (designated as families), and the total number of 
samples per family was 33. Thus, the total number of samples was 297. 
For the first part, a Shimadzu TGA-50 was employed to simulate the 
fluidized bed combustion system. With a heating rate of 20°C/min te 850°C, 
an air flow rate of 50 mL/min, and a sample size of approximately 10 mg, the 
TGA system was used to measure the combustion profiles of each 
combination fuel in all nine families . The total time to complete one run is 
one and a half hours including the cool-down time for the furnace to return 
to room temperature. 
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Table 1. Analytical Parameters (Dry Basis except for Moisture) for Materials 
Used in this Study. 
~oals ~~t\' ~mestone 
R~luSl' 
Fuet Type Illinois Kentucky Amos Derivc..>d Sawdust Wood- Medusa 
~6 .9 Scam Fuel ChitS 1[5 A II ~ 1![5f! !:[5 W r:;:!e<lusa 
Danny r:;:!e<lusa 
WKU ID 89020 92073 92050 ROF #1 Achtley T-9 Aggre-
Moisture 16.44 9.88 9.95 9.44 35.09 7.04 ,ate .38 
Ash 10.n 26.34 7.14 9.39 3.33 1.56 58.29 
Vol. Matter 39.39 32.56 36.80 75.73 77.91 77.33 2154 
Carbon 69.42 59.53 74.76 45.80 45.60 47.71 8.08 
Hydrogen 4.97 3.50 4.1ill 6.19 5.47 5.67 0.02 
Nitrogen 1.26 1.16 1.38 0.24 0.11 2.95 0.00 
Sulfur 4.31 4.44 1.07 0.13 0.0\ 0.02 0.02 
Oxygen 9.22 5.00 10.80 37.79 45.47 41.97 3356 
Chlorine 1120 289 458 4578 1205 202 
(ppm) 
BTU/lb 12643 10335 13408 8012 8024 7971 
H/C Ratio 
(OAF) 0.BS31 0.7004 0.7644 1.6097 1.4293 1.4165 0.0382 
O/C Ratio (OAF) 0.0997 0.0631 O.IOBS 0.6194 0.7487 0.6604 3.1173 
In the second half of the project, the samples were heated in a DuPont 
951 TGA that was coupled to a modified Perkin Elmer 1650 FfIR with a gas 
cell attachment. The coupled TG/FfIR system was heated at lOoC/min to 
850°C under a 50 mL/min air atmosphere with an approximate sample s ize of 
25 mg to ensure reliable sampling of the evolved gases. To control the FfIR, 
Galactic Industries' LabCalc software program was employed to do two tasks: 
(1) control the spectra autosampling every lOoC from lOO°C to 850°C; and (2) 
the final gas analysis on the 75 spectra produced in each sample run. Thus, it 
took two hours to complete one run. 
This project should be statistically significant, but the time required for 
the study of all samples would have been completely unreasonable. 
Therefore, a trend approach was used. Of the three coals used (two high 
sulfur and one low sulfur), the low-sulfur coal was chosen as a baseline for 
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the other two. Specifically, the low-sulfur coal was run three times with each 
MSW to determine whether or not there was a trend. Once a trend was 
established, the other two coals were run individually with each of the MSW 
materials. From these runs, the best five combinations determined from the 
catalytic results were run on the TG/FI'IR for SO:z adsorption testing. The 
total number of sample runs needed was determined to be 540. 
III. RESULTS AND DISCUSSION 
For this study, it must be explained how the OfT ratios and the analysis 
regions were created. First, the original hypothesis was that the MSW would 
have the greatest effect on the fuel components, so the analysis regions were 
created to correlate to the MSW's decomposition ranges. Second, the analysis 
regions were designed to account for the coals, and finally, the analysis 
regions accounted for the limestone. Table 2 shows the analysis regions for 
the three sets of analysis regions. 
Biomass 
RDF 
SO 
WC 
Table 2. Analysis Regions for the Combination Fuels 
Region 1 
( ' C) 
22-115 
22-150 
22-115 
Region 2 
(' C) 
200:38b 
18S-35O 
200-370 
Region 3 
( ' C) 
38O:S00 
J50.55O 
37()..460 
Region 4 
('C) 
5000675 
550-675 
4ro-675 
Region 5 
('C) 
Each cc 'on chosen has a specific purpose in relation to the three raw 
components. Region 1 accounts for the percentage moisture in the sample. 
Region 2 accounts for the devolatilization and combustion of the MSW. 
Region 3 accounts for MSW's char combustion and the coal's devolatilization 
and initial pyrolysis. Region 4 accounts for the coal's decomposition. Finally, 
region 5 accounts for the residual coal char combustion, the ash residue left 
over from the sample, and the limestone's decomposition. 
Next, from the analysis regions, the weight losses for each region can be 
recorded. Notably, to create the OfT ratio, a normalization had to be done. 
For all values reported, the weight losses are on a dry basis. Before the values 
could be reported on a dry basis, the observed and theoretical weight losses 
25 
for each combination fuel had to be calculated. The observed weight loss (0) 
was recorded directly from the TG curve and then converted to a dry basis. 
The dry basis theoretical weight loss (T) was calculated from the raw 
components' percentage decomposition in a particular region regarding the 
percentage of each component in the combination fuel. Equation F-1 shows 
this relationship before the final value was converted to a dry basis. 
%Wt. Loss = (A x B)+(C x D)+(E x F) 
where: A = % coal in combination fuel 
B = % WI. loss from 100% coal component 
C = % MSW in combination fuel 
o = % wt. loss from 100% MSW component 
E = % limestone in combina tion fuel 
F = % wI. loss from 100% limestone component 
(F-l) 
After the theoretical weight loss was converted to a dry basis, the OfT ratio 
could be evaluated for that particular analysis region and combination fuel. 
Then, for all the analysis regions, plots of OfT Ratio versus percentage coal in 
the samples with varying percentage limestone amounts could be created. 
From these plots, it is possible to determine the effects of both the MSW and 
the limestone on the coal's combustion profile. 
A. RDF Biomass and Coal Blends 
Figures 4, 5, and 6 are the overlaid thermograms of the three raw coals 
with RDF and limestone additio;". In each case, RDF has the lowest 
decomposition temperature (360°C) while limestone has the highest (8200C). 
Coals A, B, and C have varying decomposition temperatures, which are 
440°C, 480°C, and 525°C, respectively. The TGA analysis regions for these 
combination fuels were generated from these plots. RDF undergoes two 
major decomposition stages if the loss of water is ignored. The major 
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decomposition stage (pyrolysis of the RDF) occurs between 200"C to 380"C, 
which accounts for the first analysis region. The second decomposition stage 
occurs between 380°C and 500°C (char combustion of the RDF and pyrolysis of 
the coal), which accounts for the second analysis region. The last two 
decomposition regions account for the char combustion of the coal (SOO"C to 
675°C) and residue left describing the limestone (6750C to 8500C). 
The true initial analysis region was from 22°C to 115°C. This water loss 
region is important to the results that follow since all the OIT ratio results are 
reported on a dry basis. The average water loss observed is in Table 3 for this 
region. 
~ 
~ 
Table 3. Average Water Loss for RDF and Three Coals 
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Figure 4. TGA Plots for 100% Coal A, 100% RDF, and 100% Limestone 
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Figure 6. TGA Plots for 100% Coal C, 100% RDF, and 100% Limestone 
Initially, RDF and Coal C have relatively the same water losses. However, 
Coal A and B have the two highest of the four, and limestone's expected zero 
water content was proven wrong by TG analysis. 
Figure 7 is the overlay plot of 100/0/0 Coal A, 90/0/10 and 80/20/0 
combination fuels of Coal A with RDF. Also, Figure 8 is an overlay TG plot of 
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90/4/6,70/24/6, and 50144/6 combinations of Coal A/RDF/Limestone. These 
two plots are particularly interesting because each accounts for a trend seen in 
the O/T ratio results as well as in the TG curves themselves. Figure 7 
demonstrates how R[)F and limestone each affect Coal A's combustion rate if 
analyzed. After the water loss is accounted for, both RDF and limestone 
retard Coal A's decomposition. From 220-380°C, the slopes of the lines are 
fairly parallel, but after 380°C, the TG slopes of the 90/0/10 and SO/20/0 blends 
steepen, exhibiting general enhancement in the combustion process. 
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Figure 7. TGA Plots of Coal A and RDF: Effects of RDF and Limestone on Coal A 
In Figure 8, the TG curves illustrate agreement between the 
combustion rates for these fuel blends. 1 neoretically, as the percentage coal 
decreases and the percentage RDF increases, the expected TG curves should 
steepen or flatten depending on the amount of biomass and limestone added 
to the parent TG coal's curve for each analysis region. From 200-3800C, the 
TG curve should steepen with respect to the raw coal sample's TG curve. 
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From 380
D
C, the fuel blend's TG curve should initially flatten and then 
steepen to SOODc. After SOODC, the blend's TG curve should flatten again and 
then become more vertical to 67SDC. Then after 67SDC, the TG curve should 
flatten for some hme, steepen briefly, then flatten again till 850OC. Thus, each 
analysis range could have a developed Observed Weight Loss (0) to 
Theoretical Weight Loss (T) ratio developed to characterize RDFs and 
limestone's effect on each coal sample. Figure 8 is Significant because it 
partially shows this trend. 
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Figure 8. TGA Plots for Coal A and RDF Fuel Blends: Overlay of Percentage 
Mixtures 
Figures 9-12 are the overlaid OIT plots of the Coal A/RDF/Limestone 
fuel blends categorized by the amount of percentage limestone and Coal A 
added to each sample. Figure 9 sho,,'s retardation of the coal's decompOSition 
by RDF and limestone. Figures]() and 11 show the opposite effect, and Figure 
12 shows fairly unpredictable OIT ratios, except that two trends can be seen. 
The highest percentage RDF additions enhance the decomposition rate, and 
the lowest percentage RDF additions retard the decomposition rate. The 70% 
Coal A and 6% limestone mixtures surround the theoretical line and show 
the best results at reducing the competitive decomposition reactions. 
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Figure 12. OfT Ratio vs. % Coal A: 675-850°C Region for Coal A/RDF 
There are a few differences between the Coal Band RDF blends and the 
Coal A and RDF blends. Figure 13 is an overlay of 100/0/0 Coal B, 9O/0/1O, 
and 80/20/0 combinations of Coal B with RDF. Figure 14 is the TG overlay of 
90/4/6,70/24/6, and 50/44/6 combinations of Coal Band RDF. 
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Figure 13 is very similar to Figure 7 in that both RDF and limestone 
initially retard Coal B's decomposition from 200-380°C. After 380°C, the 
90/0/10 blend maintains a similar if not slightly flattened slope to Coal B, and 
it shows that limestone has little effect on the Coal B's combustion. 
However, the RDF in the 80/20/0 blend sharpens its slope downward after 
380·C, and it maintains its descent welJ to 850·C. 
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Figure 14 shows the more detailed effects of RDF and limestone on 
Coal B's combustion. For instance, from 200-38O·C, both RDF and limestone 
retard Coal B's decomposition. From 380-S00·C, the blends take on similar 
slopes, but after SOO·C, the retardation effects heighten as the percentage RDF 
increases. Figures 15-18 are the OfT ratio plots of Coal B/RDF/ Limestone. 
These four figures show much the same trend as that outlined in Figure 14. 
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Figure 15. OfT Ratio vs. % Coal B: 200-380·C Region for Coal B/RDF 
One unusual characteristic is seen across all four figures . Initially, retardation 
occurs followed by a theoretical balance. Then, rapid enhancement occurs 
followed by a movement Lo retardation depending on the amount of RDF 
added. Figure 16's theoretical balance is unique in that it appears to be a delay 
stage for the rapid decomposition appearing in Figure 17. Finally, Figure 18 
shows two important trends like those seen with Coal A and RDF. The 
highest percentage RDF blends decompose earliest, and the lowest percentage 
it shows that limestone has little effect on the Coal B's combustion. 
However, the RDF in the BO/20/0 blend sharpens its slope downward after 
380"<:, and it maintains its descent well to 850·C. 
Figure 14 shows the more detailed effects of RDF and limestone on 
Coal B's combustion. For instance, from 200-380·C, both RDF and limestone 
retard Coal B's decomposition. From 380-500·C, the blends take on similar 
slopes, but after SOO·C, the retardation effects heighten as the percentage RDF 
increases. Figures 15-18 are the OfT ratio plots of Coal B/RDF / Limestone. 
These four figures show much the same trend as that outlined in Figure 14. 
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Figure 15. OfT Ratio vs. % Coal B: 200-380·C Region for Coal B/RDF 
One unusual characteristic is seen across all four figures. Initially, retardation 
occurs followed by a theoretical balance. Then, rapid enhancement occurs 
followed by a movement to retardation depending on the amount of RDF 
added. Figure 16's theoretical balance is unique in that it appears to be a delay 
stage for the rapid decomposition appearing in Figure 17. Finally, Figure 18 
shows two important h'ends like those seen with Coal A and RDF. The 
highest percentage RDF blends decompose earliest, and the low st percentage 
RDF blends retard combustion. The 70% coal and 6% limestone blend are 
again the best at reducing the competitive combustion processes. 
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Figure IS. OfT Ratio vs. % Coal B: 675-S50°C Region for Coal B/ROF 
Finally, the effects of ROF and limestone on Coal C can be seen in 
Figures 19 and 20. Figure 19 is the overlay plots of 100/0/0, 90/0/10, and 
80/20/0 combinations of Coal C and ROF. Figure 20 is the overlay plots of 
90/4/6,70/24/6, and 50/44/ 6 combinations of Coal C and ROF. Figure 19 
denotes ROF's and limestone's combustion behavior on Coal C, and ROF and 
limestone retard Coal C's decomposition after 200°C. After 380°C, limestone 
continues to retard Coal C's decomposition as noted in the 90/0/10 blend's TG 
slope becoming horizontal. The S0/20/0 blend shows the ROF having some 
initial retardation, but it is outweighed by later enhancement. Figure 20 is 
very reminiscent of Figure S. The 50/44/ 6 blend shows some diminutive 
enhancement from 20G-380OC; however, after 500°C, the 90/4/6 shows some 
retardation effects. The overall effects can be seen in Figures 21-24 --the 
overlay OfT plots of Coal C/ROF /Limestone. 
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Figure 20. TGA Plots for Coal C and RDF Fuel Blends: Overlay of 
Percentage Mixtures 
Figure 21 shows Coal C's decomposition being retarded. Figure 22 
shows a theoretical balance. Figure 23 shows rapid decomposition occurring 
for those blends with high RDF contributions, but the lower RDF contributing 
blends match the theoretical balance. Finally, Figure 24 shows how the 
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enhanced decomposition in Figure 23 causes unpredictable results in the 
latter stages of decomposition. The most interesting observation seen in 
Figure 24 but is not seen in Coal A and B with RDF is the 80% coal blend that 
is the best at reducing the competitive combustion processes. Still, the 6% 
limestone blends are the best choice for the limestone additions. 
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Figure 24. OIT Ratio vs. % Coal C: 675-850°C Region for Coal C/RDF 
All data reported for the three coals and RDF are compiled in Table 4 to 
show the average a IT Ratio results on a dry basis for each of the four analysis 
regions. Table 4 also shows the averaged O/T ratio results independent of 
each coal addition. 
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Table 4. Average OIT Ratio Results for RDF and Three Coals on a Dry Basis 
Ratio Ratio iauo iatio 
Obs/The Obs/The Obs/The Cbs/The 
Sample ID 200-38O"C J80.soo'C ~'C 6~ 
coal A 0.52 1.35 1.49 1.01 
Coal B 0.35 .95 1.81 1.23 
Coal C 0.33 .99 1.27 1.07 
Average 0.40 1.10 1.52 1.10 
From Table 4, a general trend in the OIT ratios experienced by each coal with 
RDF and limestone can be evaluated. To correctly evaluate the data in this 
table some relative parameters must be established, as shown in Table 5. 
Table 5. OIT Ratio Designations for Average OIT Ratio Results 
Reported Value 
Range 
O.7<X<1.3 
0.4<X<0.7 or 1.3<X<1.6 
X<0.4 or X> 1.6 
6)t Ctio DesW tiOn 
Moderate 
Heavy 
From Table 5, the combined 0 IT ratios on the three coals by RDF and 
limestone can be determined: Coal A--moderate; Coal B--moderate to heavy; 
and Coal Co-low. 
The DTG temperatures verify the results given in Table 4. Table 6 
shows the observed DTG temperatures for each of the regions. 
Table 6. DTG Temperatures for Blends of RDF and Three Coals 
CoallD 
coal A 
eoal B 
Coal C 
na YSIS egton 
~·C 
45O"C 
490'<: 
540'C 
na YSIS on 
6 
730"c 
77O"C 
730"C 
As mentioned previously, RDF decomposes at 360°C; Coal A decomposes at 
440°C; Coal B decomposes at 480°C; and Coal C decomposes at 525OC. From 
this, the correlation between OIT ratios and DTG temperatures can be made. 
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If the OfT ratio is less than one, the DTG temperature shifts to a higher 
temperature for each region. Conversely, if the OfT ratio is greater than one, 
the DTG shifts to a lower tempera ture. Thus, if the plots pertaining to each 
coal's and RDFs OfT ratios are explained, the trend can be identified. The 
additional observed DTG peak temperatures are due to the overlapping 
decomposition stages of various components. For instance, the overlapping 
peaks are prevalent when the coal's pyrolysis stage overlaps with the RDFs 
char combustion region. Similarly, this would account for reasonable shifts 
in the observed DTG temperatures when the peaks fall out of the analysis 
range. 
Thus, two observations can be made from this set of data. First, RDF 
retards the decomposition of all three coals initially. Second and most 
intriguingly, coal composition plays a large role in determining the extent of 
the observable OfT ratios. For instance, Coal B and Coal C have similar 
observable OfT ratios (but different in their extremes) in all four of the 
analysis regions; however, each contains different amounts of sulfur. In 
addition, Coal A and Coal B have similar sulfur contents, but the difference 
in the 380-S00°C analysis range is large enough to denote a difference in the 
reported average OfT ratio values. Even more so, the additional DTG 
temperature data verifies that the relative shift in temperature depends on 
the coal's composition. The extent of the shift denotes the extent of the OfT 
ratio. Therefore, coal composition's effect either enhances the OfT ratio 
caused by RDF and limestone or it retards or balances its observable effects 
sufficiently enough to make it a viable fuel choice. However, the 70% coal 
blend and/or 6% limestone blend is the best at reducing the competing 
combustion processes caused by the three components. 
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B. SO Biomass and Coal Blends 
Figures 25-27 are the overlaid TC plots of the raw components of the 
three coals with SO and limestone. In every case, 50 has the lowest 
decomposition temperature (340·C), and limestone has the largest (820·C). As 
mentioned in the ROF section, Coal A, B, and C have varying decomposition 
temperatures which are 44Q·C, 480·C, and 52S·C, respectively. 
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Figure 27. TGA Plots for 100% Coal C, 100% SO, and 100% Limestone 
For a comparative analysis of these combination fuels to continue, the 
analysis regions were chosen to compensate for the major decomposition 
stages of the various fuel components. Region one (185-350°C) allows for the 
pyrolysis of SO. Region two (350-550°C) allows for the pyrolysis and oxidation 
of the pyrolysis products produced by the coal and the char combustion of the 
SO. Region three (550-675°C) covers the coal's char combustion. Finally, 
region four (675-850°C) covers the limestone's decomposition. It should be 
noted that the primary analysis region (22-150°C) accounts for the loss of 
water by the various samples. The reported water losses allow for the OfT 
ratios to be calculated on a dry basis. 
Table 7. Average Water Loss for SO and Three Coals 
Coal A 
Coal B 
Coat C 
Umestone 
Water LOss 
from n oc to 1S<rC 
5.17% 
8.97% 
6.96% 
5.18% 
0.15% 
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The average water losses observed for the samples are given in Table 7. 
Table 7 shows that the water loss observed for SO and Coal C is very close to 
that observed for ROF and Coal C. This could be significant, since additional 
water can increase the amount of 502 adsorption. 
Figure 28 is the overlay plots of 100/ 0/ 0 Coal A, 90/0/10, and 80/20/0 
combinations of Coal A/SO/ Limestone. Figure 28 shows that SO shifts Coal 
A's initial decomposition temperature to a lower temperature while 
limestone shifts it to a higher temperature. After 350°C, the 90/0/10 blend's 
slope continues to become horizontal. Conversely, the 80/20/0 blend's slope 
becomes more vertical. 
Figure 29 is the overlay plots of 90/ 4/ 6, 70/ 24/ 6, and 50/44/6 
combinations of Coal A/ SO/Limestone. In this instance, Figure 29 is 
particularly interesting because it generally follows the basic theoretical 
results. Each analysis region denotes a major stage in the pyrolysis and 
combustion in each of the fuel components. Figure 21 shows that as the 
percentage SD increases, the TG curve will show a characteristic shift to a 
lower temperature. 
Much as that seen with all three coals and ROF, SO and limestone 
retard Coal A's decomposition in the first analysis region (Figure 30). From 
350-550°C, Figure 31 shows the fuel blends exhibiting a slight increase in their 
respected decomposition rates. Third, the decomposition of the fuel blends 
increases even luore so from the theoretical balance (Figure 32). Finally, 
Figure 33 shows an average low O / T ra tio for all the fuel blends. This is 
particularly interesting, because it could note that the Coal A's ash residue 
was dramatically reduced by the subsequent SO addition. Also, the 80% coal 
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and 6% limestone addition's OfT ratios remain the least varied and closest to 
the theoretical line. 
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Figure 34 is the overlay plot of 100/0/0 Coal B, 90/0/10, and 80/20/0 
combinations of Coal B/SO/Limestone. Figure 35 is the overlays of 90/4/6, 
70/24/6,50/ 44/6 combination of Coal B/ SO/Lirnestone. These two plots are 
radically different from those observed with Coal B and ROF. In Figure 34, 
the first analysis region is slightly dominated by SO and limestone by both 
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retarding Coal B's decomposition. However, from 350°C to the end of the 
analysis regions, both SO and limestone enhance Coal A's decomposition--
but to varying degrees depending on the analysis region. In the second region 
(350-550°C), SO and limestone enhance the decomposition greatly, but in the 
third region (550-675OC), the decomposition follows more closely with Coal B. 
Still in the last region, both SO and limestone have less ash residue than does 
Coal B. 
Figure 35 demonstrates the theoretical OfT ratio trend more so than 
did Coal A and SO. Evidently, as the percentage SO increases, the TG curve's 
shift to the left becomes more evident. Even more so, the ash residue in the 
last analysis region appears to have been decreased as was shown with Coal A 
and SO. 
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Figure 35. TGA Plots for Coal Band SD Fuel Blends: Overlay of 
Percentage Mixtures 
Figures 36-39 demonstrate the OI T ratios observed for Coal Band SD. 
Figure 36 and 37 keep close to the theoretical line, but Figure 38 shows the 
trend observed in Figure 35 for the third analysis region. Figure 39 clearly 
states one observation: The O/T ratio in this region is unpredictable. The 
only positive observation that can be made from Figure 39 is that 70% coal 
composition has the least dramAtic set of OI T ratio values. Additionally, 6% 
limestone maintains the best balance of a I T ratios for the varying coal 
compositions. 
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Figure 39. OfT Ratio vs. % Coal B: 675-850°C Region for Coal B/SO 
Figure 40 is the overlay plots of 100/0/0 Coal C, 90/0/10, and 80/20/0 
combinations of Coal C/SO/Umestone. Figure 41 is the overlay plots of 
90/4/6, 70/24/6, and SO/ 44/ 6 combinations of Coal C/SO /Limestone. 
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Figure 40 is particularly interesting because it shows a behavior not seen in 
the other plots. Both SO and limestone slightly retard Coal C's 
decomposition from 185-350°C; however, for the next three analysis regions, 
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it is vastly different. After 350OC, SO enhances Coal C's combustion rate, but 
limestone does not. After 550OC, SO retards Coal C's decomposition. With 
Coal A, SO and limestone appeared to oppose each other equally, but in 
Figure 40, SO produces the most dramatic effect on the combustion rate. After 
675°C, SO and limestone moderately oppose each other, but limestone 
appears to have more of an effect. 
Figure 41 follows exactly what the theoretical TG curves should look 
like for combination fuels . The trend clearly demonstrates that as the 
percentage SO increases, the TG curves shift to the left and the slopes of the 
TG curves appear to flatten then steepen after each major decomposition 
stage. Figures 42-45 show this relationship well. Within every region, the 
o IT ratio appears to be linear whether it is above or below the theoretical 
line. Additionally, in all cases, the general trend demonstrates how closely 
the combination fuel follows the theoretical limits. By doing so, it shows its 
ability to be a very viable fuel source. 
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Finally, by compiling all the data for the three coals and SO, the average 
catalytic results for all the combinations were calculated. The data for the 
respective analysis regions are shown in Table 8. Also, Table 8 shows the 
average OfT ratios for each analysis region that are independent of the coal 
samples. 
Table 8. Average OfT Ratio Results for SO and Three Coals on a Dry Basis 
Ratio Ratio Ratio Ratio 
Average Obs/The Obs/The Obs/The Obs/The 
Sample ID 185-35OOC 350-SSOOC S50-675°C 675-85O"C 
coal A 0." 1.10 1.36 0.78 
Coal B 0.71 1.36 0.43 1.15 
Coal C 1.00 1.17 0.77 0.72 
Average; 0.83 1.21 0.85 0.88 
Thus, from using guidelines for OfT ratio designations outlined in the ROF 
section, the effects of SO and limestone on each of the three coals can be 
determined: Coal A-low; Coal B-low to moderate; and Coal C-low. 
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To validate these data, the OTG temperatures must be evaluated for 
their points of interest. Table 9 shows the observed OTG temperatures for 
each analysis region. 
Table 9. OTG Temperatures for Blends of SO and Three Coals 
CoallD 
coal A 
Coal B 
Coal C 
1Wc 
340'C 
34O'C 
Analysis Region 
J50.550'C 
370'C 
430°C 
445°C 
Analysis Region 
550-675°C 
4400C 
475'C 
525'C 
7100c 
7JOOC 
715°C 
50's major decomposition occurs at 340°C with char combustion occurring at 
445°C. Coal A, B, and C decompose at 440°C, 475°C, and 525OC, respectively. 
From Table 9, the first two analysis regions can be correlated to the observed 
OfT ratios. The observed OTG temperatures for the third analysis region are 
more erratic than would be expected, and this could be explained by multiple 
combustion reactions occurring simultaneously, thus causing several 
overlapping peaks that cannot be deciphered apart. However, in general, if 
the OfT ratio is less than one, there should be a characteristic shift to a higher 
temperature for that region. Similarly, if the OfT ratio is greater than one, 
the OTG temperature should shift to a lower temperature. Also, the shift in 
OTG temperature is relative to the overlapping peaks caused from either a 
coal's pyrolysis stage and the 50's char combustion stage or the 50's pyrolysis 
stage and the initial beginning of the coal's pyrolysis stage. Therefore, the 
correlation between the OTG temperatures and the OfT ratios is good for the 
first two analysis regions. 
In summary, two major observations can be made from all these data, 
following the speculation in the ROF section. Initially, SO retards-oil only 
slightly--the coal's decomposition. Second, it was suggested that coal 
composition has a vital role in the selection of a biomass for co-firing 
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purposes. Not all the coals react similarly to the SO and limestone addition, 
but Coal A and C have the most promising results. Coal B could be used, but 
the overall results suggest SO and limestone is a much better addition than 
ROF for this coal. Similarly, the 70% coal blend and/ or 6% limestone blend is 
the best at reducing the competing combustion processes promoted by the 
three fuel components. 
c. WC Biomass and Coal Blends 
Figures 46-48 are the overlaid plots of the three raw coals with WC and 
limestone additions. As with ROF and SO, WC has the lowest decomposition 
temperature (350°C) while limestone again has the highest (8200C). 
Furthermore, Coal A, B, and C decompose readily at 44OOC, 480°C, and 5250C, 
respectively. 
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Figure 46. TGA Plots for 100% Coal A, 100% WC, and 100% Limestone 
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Figure 47. TGA Plots for 100% Coal B, 100% WC, and 100% Limestone 
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Figure 48. TGA Plots for 100% Coal C, 100% WC, and 100% Limestone 
From Figures 46-48, the analysis regions were determined by 
accounting for the pyrolysis/oxidation stages and char combustion stages of 
both the coals and We. Region one (200-370"<:) accounts for the pyrolysis and 
oxidation of volatile matter stage of We. Region two (370-460"C) covers the 
WC's char combustion and the initial stages of the coal's pyrolysis. Region 
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three (460-67S0C) accounts for the char combustion of the coals. Finally, 
region four (675-8S0°C) covers the limestone's decomposition. 
The true initial analysis region accounts for the water loss, and this 
region is fro:lI 22°C to llS°e. The water loss region's results are outlined in 
Table 10. 
Table 10. Average Water Loss for WC and Three Coals 
componmt 
We 
Coal A 
Coal B 
Coal C 
Umestone 
Water LOSS 
from U ' C to 115' C 
17.29% 
8.97% 
6.96% 
5.18% 
0.15% 
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Unlike ROF or SO, WC does not have water content similar to Coal e. 
Rather, its water content almost doubles the largest water content of the three 
coals. 
Figure 49 is the overlay plots of 100/0/ 0 Coal A, 90/0/10, and 80/20/0 
combinations of Coal A/WC/Limestone. Figure 50 is the overlay plots of 
90/4/6,70/24/6, and 50/44/6 combinations of Coal A/WC/Limestone. 
In Figure 49, the first analysis region (200-370OC) shows that WC shifts 
Coal A's decomposition to the left while limestone shifts it to the right from 
the raw Coal A's thermogram. After 370°C, the WC in the 80/20/0 blend 
follows Coal A's TG curve. However, limestone continues to retard Coal A's 
decomposition till 850°e. Figure 50 follows the reasoning behind Figure 4~ 
but in more detail. Figure 50 shows that as the percentage WC is increased 
Coal A's decomposition becomes more retarded. 
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Figure 49. TGA Plots for Coal A and WC: Effects of WC and Limestone 
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Figure SO. TGA Plots for Coal A and WC Fuel Blends: Overlay of 
Percentage Mixtures 
Figures 51-54 are the OfT ratio plots of Coal A/WC/Limestone. Figure 
51 illustrates the initial retardation previously noted by Figures 49 and SO. 
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Figure 52 displays that the theoretical balance appears to show the same 
delaying effect to the blend's decomposition noted before with Coal Band C 
with RDF. Figure 53 shows the rapid increase in the decomposition of the 
fuel blends while Fig'.lle 54 shows the previously seen unpredictable OfT 
ratios that result from such a previous rapid decompoSition stage. Again, the 
highest WC fuel blends show the characteristic high ash residue amounts 
while the lowest WC fuel blends show the least ash residue. The 70% coal 
and 6% limestone blends demonstrate the least overall effects caused by the 
WC and limestone combustion processes. 
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Figure 54. OfT Ratio vs. % Coal A: 675-8S0·C Region for Coal A/WC 
Figure 55 is the overlay plots of 100/0/0 Coal B, 90/0/10, and 80/20/0 
combinations of Coal B/WC/Limestone. Figure 56 is the overlay plots of 
90/4/6,70/24/6, and 50/44/6 combinations of Coal B/WC/Limestone. 
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blends than was seen before with the other biomasses. Uniquely though, 
Figure 60 shows a fairly consistent theoretical balance with the least effects 
occurring with the 70% coal and 6% limestone blend. 
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Figure 61 is the overlay plots o{ 100/0/0 Coal C, 90/0/10, and 80/20/0 
combinations o{ Coal C/ WC/Limestone. Figure 62 is the overlay plots o{ 
90/4/6,70/24/ 6, and 50/44/6 combinations o{ Coal C/WC/Limestone. Figure 
61 {rom 200-370·C demonstrates that WC and limestone slightly retard Coal 
C's decomposition. From 370-675OC, WC continues to retard Coal C's 
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decomposition while limestone parallels Coal C's decomposition. However, 
after 67SoC, WC slightly enhances Coal C's decomposition while limestone 
clearly retards it. 
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Figure 61. TGA Plots for Coal C and WC: Effects of WC and Limestone 
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Figure 62. TGA Plots for Coal C and WC Fuel Blends: Overlay of 
Percentage Mixtures 
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Figure 62 is particularly interesting since 90/4/6 and 70/24/6 
combinations closely resemble one another. However, the 50/44/6 fuel blend 
follows what would be expected from the theoretical results. This trend can 
be seen in Figures 63 ar:d 64. Figure 63 shows the OfT ratios from 200-370.C, 
and one observation is clear. With a percentage WC blend less than 20%, the 
OfT ratio is extremely high and fairly unpredictable. Greater than 20% WC 
compoSition, the trend is moderately linear, and it shows a clear retardation. 
Figure 64 shows an increasing OfT ratio with a decreasing percentage WC 
composition. It is particularly interesting that the 70% coal combination 
remains close to the theoretical OfT ratio line. On the other hand, Figure 65 
shows a decreasing OfT ratio with a decreasing percentage WC combination. 
In this instance, 80% coal combination remains close to the theoretical line. 
Figure 66 is the final plot, and it shows a fairly linear relationship with the 
percentage coal combinations. Again, 70% coal and 6% limestone 
combinations remain the most balanced against the competing combustion 
processes. 
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Finally, by compiling all the data reported for the three coals with WC, 
the average OfT ratio results can be reported so that an evaluation can be 
made whether or not the combinations are viable fuel sources. Table 11 
outlines the results and the average of the OfT ratios for each analysis region 
independent of the coal samples. 
Table j .--AIVerage OfT Ratio Results for WC and Three Coals on a Dry Basis 
Ratio Ratio Ratio Ratio 
Average Obs/ Tho Obs/Tho Obs/Tho Obs/Tho 
Sample 10 200-370"C 370-460'<: 461J.67S°C 67S-85O"C 
coal A 0.55 \.04 \.64 0.84 
Coal B 0.64 0.53 2.37 0.89 
Coal C 0.77 1.17 1.12 0.82 
Average 0.65 0.91 J.71 0.85 
From Table 11, the effects of WC and limestone on each coal component must 
be classified. Using the classifications employed in the RDF section, the 
combined OIT ratios on the three coais can be defined: Coal A-low to 
moderate; Coal B--heavy; and Coal C--low. 
To verify these data, the relevance of DTG temperatures can be 
considered. The observed DTG temperatures for each analysis region are 
outlined in Table 12. 
Table 12. DTG Temperatures for Blends of WC and Three Coals 
CoallD 
coal A 
Coal B 
Coal C 
verage Kegton 
2(x}'37lJOC 
34O"C 
34O"C 
35O"C 
verage KeglOn 
37(}.46QOC 
400"c 
435°C 
440°C 
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As before, WC decomposes as 350°C, but this value is for its major 
decomposition stage (pyrolysis). WCs char decomposition occurs at 440OC. 
Also, Coal A, B, and C decompose at 440°C, 480°C, and 525°C, respectively. 
From Table 12, the general trend observed with all the other combinations 
holds true. If the OIT ratio is below 1.0, then the DTG temperature will shift 
to a higher temperature. However, if the OIT ratio is greater than 1.0, the 
D'r<. temperature will shift to a lower temperature. The additional peaks 
observed and those not necessarily in their appointed analysis regions are due 
to overlapping combustion regions from the 100% components. 
As mentioned before, two clear observations can be made for the three 
coals with a WC addition. The first analysis region always denotes an initial 
retardation in the decomposition of the coal sampt~s. The second 
observation is that coal composition plays a vital role in determining the best 
combinations for co-firing purposes. For instance, the DTG temperatures 
agree with the OIT ratios, but the extent of the shift inherently depends upon 
the coal's individual composition. For these three coals and WC, the 70% 
coal blend and/or 6% limestone blend are the best choices for reducing the 
competing combustion processes. 
O. Overall Observations from TG Results 
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Seven observations are evident from each section previously 
discussed. First, each biomass retards each coal's initial decomposition stage. 
Second, the 70% coal and/or 6% limestone blends prove to be the best at 
balancing the competing combustion processes. Third, coal composition plays 
a major role in determining the effect an individual biomass will have on the 
coal's combustion profile. Fourth, MSW's o/e ratio follows the averaged 
OfT ratios independent of the coal samples for the first analysis region. 
Specifically, the order of the MSW's o /e ratios is as follows: SO (0.75) > we 
(0.66) > ROF (0.62). The order of the OfT ratios for the first analysis regions is 
SO (0.83) > we (0.65) > ROF (0.40). This concept follows the ideas set forth by 
Tillman, Rossi, and Vick (33). Fifth, the same trend can be seen with the 
volatile matter for each of the MSW: SO (77.91 %) > we (77.33%) > ROF 
(75.73%). The sixth observation follows the inverse trend of the o/e ratios of 
the MSW. The order of the MSW's by chlorine content is ROF (4578 ppm) > 
we (1205 ppm) > SO (0 ppm). This shows that the chlorine is retarding the 
decomposition of the coal samples. Finally, the seventh observation concerns 
the fourth analysis region. The order of H/e ratios for the MSW is ROF (1.61) 
> SO 0 .43) = we 0.42). The order of the OfT ratios for the fourth analysis 
region is ROF 0 .10) > SO (0.88) = we (0.85). This final observation means 
that a fuel blend with ROF should leave less ash residue than expected. 
E. Evolved Gas Analysis 
1. Raw Components 
The second major thrust of the project is to study the evolution of 
gases from the fuel blends. By first examining at the raw components, a few 
examples of the fuel blends will be shown for their relevance. 
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Figure 67 is the normalized CH30H gas release profile measured at 1032 
cm-I, for the raw components. In the plot, two peaks stand out more than the 
others: SO and We. These large peaks are expected since it would be highly 
probable tha t the high cellulose content in the SO and WC would break down 
into methanol and later turn into C02 and H20. It is not too surprising that 
the two peaks agree closely due to their composition. ROF is surprising; since 
its composition is mostly paper, its cellulose content should result in a large 
CH30H evolution. However, only a small amount of CH30H is evolved 
from ROF. Coal C is the only coal that produces CH30H to any extent. 
Figure 68 is the normalized CH4 gas release profile for the raw 
components at 3018 em-I. If anything is relatively clear, it is the drift 
occurring in the baseline for the CH4 detection. However, if the drift is 
ignored in preference to a general trend, a few observations can be made. For 
instance, the biomass materials, SO, WC, and ROF, show peak maximums 
differing by 20°C, at 300·C, 320°C, and 340·C, respectively. The three gas 
release profiles demonstrate clearly that Coal C produces more CH4 than the 
other two coal samples. Coal C's CH4 peaks twice at 300·C and 440°C, whereas 
Coal A and B peak once at 380°C and 400·C, respectively. Thus, by comparing 
Coal C, SO, and WC, the evolution of CH4 appears dominated by the 
component's composition at lower temperatures. 
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Figure 68. Normalized CI-4 Gas Profiles 
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Figure 69 is normalized COS gas release profile for the raw components 
measured at 2078 em-I. If anyone observation is a surprise, it is the plot that 
shows RDF and SO release more COS than the three coals. SO is the real 
surprise since it releases its COS from 3SOoC to SOOOC with a peak maximum 
approximately at 430OC. ROF foUows this trend (peak maximum of 430OC), 
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releasing COS over an 80°C range. Coal A's COS gas release profile is present 
spanning 80°C, but it is approximately 1/15th SO's peak height. Coal Band C 
follow their decomposition temperatures more closely with peak maximums 
at 510°C and 540°C; but in each case, it is after the designated decomposition 
temperature that much of the COS evolution occurs from the char. 
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Figure 69. Normalized COS Gas Profiles 
Figure 70 is the normalized formic acid gas release profile for the raw 
components measured at 1106 em-I . Since formic acid appears to be the major 
precursor to the other gases as noted by Tillman, Rossi, and Vick, it is 
reasonable that formic acid should evolve over large ranges in temperature 
(33). Formic acid evolution should be higher for the MSW than the coals, as 
is shown in Figure 70. WC has a single peak and the largest formic acid 
evolution with a peak maximum at 320°C. SO has the second largest formic 
acid formation spanning 300°C, while SO has apprOximately three peak 
maximums of 320°C, 380OC, and 470°C. ROF again has the lowest evolution 
profile of the three MSW, and its formic acid peak maximum is at 3400C 
spanning 3OOOC. Finally, of the three coals, Coal C has the largest evolution 
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with a peak maximum at 470°C, but the other two coals form very little 
formic acid. This demonstrates that coal composition is radically different but 
shows that sulfur content may playa role in determining the amount of 
formic acid evolved from the coals. 
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Figure 70. Normalized Formic Acid Gas Profiles 
The last major evolved gas to be studied is the primary objective of this 
section. ~ evolution is the greatest concern for co-firing systems today. 
Figures 71 and 72 show the normalized 502 evolution for the raw 
components measured at 1374 cm-I. It should be noted that for all three coals, 
two peak maximums were seen. In all cases, the first peak (smaller) is related 
to sulfidic and the organic sulfur, and the second (larger) is related to a 
combination of the inorganic sulfur and thiophenic organic sulfur in the coal. 
From Figure 71, it is apparent that Coal B has the largest inorganic sulfur 
content relative to its organic amount. Coal C has a more even distribution 
of inorganic to organic sulfur, but it is still dominated by the inorganic sulfur. 
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Figure 72. Normalized SO:! Gas Profiles: Raw MSW Components 
Figure 72 is the overlay plot for the normalized SO:! gas release profiles 
for the raw MSW components. For this set of data, there is only one peak for 
each MSW. ROF has the largest peak maximum of 330°C, while SO and WC 
have their peak maximums at 310°C and 320°C, respectively. The peak areas 
for these plots are not true representations of the amount of sulfur in the 
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samples. Instead, it is believed that the water content in each of the samples 
greatly exaggerates the amount of ~ being evolved from the samples. In 
the literature, S02 absorption at 1374 em-I must have H20 adsorption 
subtracted to be relevant. In the TG/FfIR system, some water may be 
condensing in the gas transfer system. Therefore, some care must be taken 
when examining these for quantitative purposes. At this point, the only 
concern is to show the peak maximums. 
2. Combination Fuels 
The next six figures (73-78) are of the evolved gas profiles for 70/24/6 
combination fuels for Coal A/WC/Limestone, Coal B/SO/Limestone, and 
Coal C/ROF/Limestone. These combinations were chosen to demonstrate 
their relevance since it has been designated that the 70/24/6 blend is the best 
optimum combination. However, all six figures (73-78) are examples which 
show two observations that are true for every combination fuel. First, the 
relative amount of CO2 and CO clearly outweighs the amounts of the other 
measured evolved gases. Second, the figures show that the CO evolved gas's 
curve follows the trend of CD2's evolved gas curve. 
Another trend is that the peak maximum temperature for COS appears 
randomly between 250-55O"C. Similarly, but less predictably, ~'s profile 
appears somewhat randomly depending on which combination fuel is used. 
Still, ~'s profiie is reduced no matter the limestone addiuon. 
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Figure 74. Evolved Gases for 70/24/6 WC, Coal A: Minor Gas Concentrations 
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Figure 76. Evolved Gases for 70/24/6 SO, Coal B: Minor Gas Concentrations 
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Figure 78. Evolved Gases for 70/24/6 RDF, Coal C: Minor Gas Concentrations 
3. CO/CDl Ratios 
To this pOint, CDl and CO gas release profiles have been neglected in 
normalized plots because CO and CDl are the two major combustion 
products. If the CO/CDl ratio versus temperature is observed, a combustion 
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efficiency can be evaluated (33). Specifically, if the CO/CQz ratio is linear in 
the combustion region, it combusts evenly and efficiently. Therefore, each 
raw component should be evaluated before evaluating the combination fuels . 
Figure 79 is the overlay of the CO/C02 ratio for the raw coal 
components. The temperature range has been adjusted from 200-600°C to 
account for the combustion range. As Figure 79 shows, the raw coal 
components are fairly linear from 250-550°C. Thus, it can be said that each 
coal combusts efficiently. 
1.2 
COlli A 
. COlli B 
-- -coal e 0 ~ ~ 0.8 I '-
C>I: 
' -N 0.6 ~ 8 -
--- -
'- -- -- -0 0.4 
U 
0.2 
0 ~ 
-
200 240 280 320 360 400 440 480 520 560 600 
Temperature (OC) 
Figure 79. CO/CQz Ratio vs. Temperature (OC): Raw CGal Components 
Figure 80 is the overlay of the CO/CQz ratio for the raw MSW 
components. In each case, the CO/CQz ratio is linear from J00-500°C. The 
beginning of each MSW'. linear trend depends on the MSW itself. 
Specifically, RDF, SD, and WC begin combusting at 330OC, JOOOC, and 2500C, 
respectively. In each case, the CO/C02 ratio denotes that each MSW com busts 
efficiently. 
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Figure 80. CO/C~ Ratio vs. Temperature (OC): Raw MSW Components 
The final CO/C~ ratio plots are examples of those generated for all the 
fuel combinations. Figures 81-83 are 6% limestone plots of Coal A and WC, 
Coal Band SD, and Coal C and RDF. Figures 84-86 are 70% coal mixtures plots 
of the same combinations. 
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In each plot, one trend demonstrates that the 70/24/6 combination 
combusts the most efficiently regardless of the coal or MSW used. In 
addition, Coal C and RDF's plots show the most conformity between the 
combinations, but the trend maintains a negative slope. The most interesting 
o ..rvation about these example combinations is that each one has been 
nQted hi! have a low, or low to moderate, OfT ratio designation. Thus, with 
the low OfT ratio designation, it is clear that the 70/24/6 combination is the 
best fuel choice. But when considering all the combinations and their 
respected CO/C~ plots, the same observation is true. The 70/24/6 
combination is the best at maintaining the combustion proficiency and a 
balance in the OfT ratios. 
4. 502 Adsorption 
From the OfT ratio section, five percentage fuel combinations were 
chosen to study S02 g,' s reduction. The five percentage combinations are as 
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follows: 90/4/6,70/24/6,70/26/4,70/28/2, and 50/44/6. It has already been 
concluded that 70/24/6 percentage combination is the best, so the 90/4/6 and 
50/44/6 were chosen to identify the differences in percentage coal. The other 
two combinations (70/26/4 and 70/28/2) were chosen to identify the 
differences in the percentage limestone. The 8% and 10% limestone 
combinations with 70% coal were neglected since it was shown that these two 
combinations exhibit too great a variation in their respected OfT ratios. 
At this point two adjustments to the data need to be stated. First, the 
FTIR did not follow Beer's Law in providing a linear adsorption rate for the 
high-sulfur samples, so a weighting factor had to be applied to the raw Coal A 
and B samples from Coal C. Second, the 502 reduction values are reported 
on a normali2ed scale that first assumes Coal Cs sulfur peak area absorbance 
to be 100% absolute and then adjusts the peak area absorbances of the other 
coal samples to follow a linear trend. The scale formula is set in Equation E-l. 
Equation E-2 shows the formula for calculating the percentage peak area 
absorbance of the combination fuel against the raw coal in each sample. 
S02 Normalized = A/B x 2.28 
where: A = S02 peak ~rea for Coal A or B 
B = 502 peak area for Coal C 
% 502 Absorbed = C/D x tOO 
where: A = 502 peak area for combination fuel 
B = 502 peak area for raw Coal A, B, or C 
(E-I) 
(E-2) 
The calculated adjustments are shown in Table 13, and the data is the 
result of the 502 adsorption for the combinations chosen with respect to the 
MSW and three coals. 
Table 13. 502 Adsorption Results for Three MSW and Three coals by 
Combination Fuels 
~15~ BIomass ~r5 niomass W~ 1I1omass 
Fuel ~oal 1[5 ~oal 1[5 l:oal 11:5 
Combination A II ~ A II ~ A II l: 
90/4/6 25% 53% 47% 27% 20% 94% 23% 22% 74% 
70/24/6 24% 50% 53% 24% 34% 57% 17% 17% 25% 
70/2h/4 43% 52% 82% 21% 51% 74% 27% 20% 74% 
70/28/2 31 % 44% 76% 20% 38% 73% 22% 26% 84% 
50/44/6 30% 49% 53% 18% 28% 58% 13% 10% 18% 
Individual 31% 50% 62% 22% 34% 71% 20% 19% 55% 
Averase 
RI:5F W~ 31% Biomass = 48% SD = 42% 
Averase 
~oal AveFa5e A 24% Ii 34% ~ 63% 
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Using the data in Table 13, several observations can be noted. First, the order 
of the three coals to their respected approximate 502 reduction is as follows: 
Coal A (24%) < Coal B (34%) < Coal C (63%). Second, the order of the three 
MSW to their respected approximate 502 reduction is as follows: RDF (48%) 
';I 'i) (42%) > WC (31 %). Third, Coal C and all the MSW have the most 
erratic 502 reduction values. Fourth, the 70/26/4 and 70/28/2 combinations 
in general are highly erratic in their respected 502 reduction. This is due in 
part to the observed OfT ratios mentioned before. And fifth, the 6% 
limestone addition is the most constant at reducing the 502 gases given off 
from the coal and MSW. 
Also, 502 reduction clearly depends upon the coal's composition. For 
instance, Coal A and B essentially have the same amounts of sulfur content; 
however, the two differ in approximate sulfur reduction by 10%. It could be 
hypothesized that Coal A's lower decomposition temperatures conflict with 
89 
MSW's decomposition temperatures; therefore, it essentially floods the 
system and does not allow for a more even SO:2 adsorption. Consequently, 
Coal C's large SO:2 adsorption, particularly with WC, could account for the 
greater difference in decompositicn temperatures. The order of S02 
adsorption follows the order of ash residue left from each MSW. The order of 
ash residue by the MSW samples is RDF (9.39%) > SD (3.33%) > WC (1 .56%). 
The only possible conclusion is that there is some component present in the 
MSW samples that is aiding in SO:2 adsorption. 
IV. CONCLUSIONS 
The following conclusions can be drawn from this study. 
1) Municipal solid wastes retard the initial coal decomposition stages. 
2 Coal composition displays a role in biomass adaptability for co-firing 
systems. 
3) The fuel combination 70/24/ 6 (% Coal/ % MSW /% Limestone) is 
the best choice for co-firing systems. 
4) ~ adsorption can Occur on a 50% basis depending on the type of 
coal and biomass used. 
5) Methanol, methane, and formic acid release profiles follow the 
decomposition temperatures of the raw fuel blend components. 
6) Carbonyl sulfide release profile peaks at varying unpredictable 
temperatures ' the combination fuels, but it is predictable for the individual 
raw components. 
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